org). Hopefully, this atlas may serve as a template for equivalent nonhuman-primate versions (e.g., for macaques, marmosets, owl monkeys, etc.). Theoretically, virtually all multi-dimensional neuroscience data acquired from a particular species could be linked through such an atlas, greatly improving our ability to make inferences across all spatio-temporal scales. Particularly interesting would be the inclusion of probabilistic maps that can be developed by federating data from multiple sites. PRIME-DE could facilitate such endeavors, thereby deflecting concern regarding the limited numbers of animals participating in most nonhuman primate experiments.
In summary, the PRIME-DE initiative is highly commendable and deserves the full support of the research community. Journals and funding agencies should moreover not only recommend but also even enforce mandatory open-data sharing policies and extend this beyond neuroimaging. The survival of indispensable basic nonhuman primate research, which is continuously under pressure in the Western world, may ultimately depend on initiatives such as this. More importantly, outcomes of such endeavors may some day help the blind men see the elephant.
REFERENCES Amunts, K., Hawrylycz, M.J., Van Essen, D.C., Van Horn, J.D., Harel, N., Poline, J.B., De Martino, F., Bjaalie, J.G., Dehaene-Lambertz, G., Dehaene, S., et al. (2014) . Interoperable atlases of the human brain. Neuroimage 99, 525-532.
Esteban, O., Markiewicz, C., Blair, R.W., Moodie, C., Isik, A.I., Erramuzpe Aliaga, A., Kent, J., Goncalves, M., DuPre, E., Snyder, M., et al. (2018) . FMRIPrep: a robust preprocessing pipeline for functional MRI. bioRxiv. Published online July 24, 2018. https://doi.org/10.1101/306951. Freiwald, W.A., and Tsao, D.Y. (2010) . Functional compartmentalization and viewpoint generalization within the macaque face-processing system. Science 330, 845-851.
Li, X., Zhu, Q., Janssens, T., Arsenault, J.T., and Vanduffel, W. (2017) . In vivo identification of thick, thin, and pale stripes of macaque area V2 using submillimeter resolution (f)MRI at 3 T. Cereb Cor-tex. Published online December 27, 2018. https:// doi.org/10.1093/cercor/bhx337. Logothetis, N.K. (2008) . What we can do and what we cannot do with fMRI. Nature 453, 869-878. Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., and Oeltermann, A. (2001) . Neurophysiological investigation of the basis of the fMRI signal. Nature 412, 150-157.
Mars, R.B., Jbabdi, S., Sallet, J., O'Reilly, J.X., Croxson, P.L., Olivier, E., Noonan, M.P., Bergmann, C., Mitchell, A.S., Baxter, M.G., et al. (2011) . Diffusion-weighted imaging tractographybased parcellation of the human parietal cortex and comparison with human and macaque resting-state functional connectivity. J. Neurosci. 31, 4087-4100.
Milham, M.P., Ai, L., Koo, B., Xu, T., Amiez, C., Balezeau, F., Baxter, M.G., Brochier, T., Chen, A., Croxson, P.L., et al. (2018) . An open resource for non-human primate imaging. Neuron 100, this issue, 61-74.
Miyamoto, K., Osada, T., Setsuie, R., Takeda, M., Tamura, K., Adachi, Y., and Miyashita, Y. (2017) . Causal neural network of metamemory for retrospection in primates. Science 355, 188-193. Vanduffel, W., Zhu, Q., and Orban, G.A. (2014) . Monkey cortex through fMRI glasses. Neuron 83, 533-550.
The study of interneuron diversity in the spinal cord is complex and needs new models that can accelerate discovery. In this issue, Hoang et al. (2018) use ESC-derived neurons to create simplified microcircuits to study spinal interneuron diversification, connectivity, and function.
Studies of embryonic stem cell (ESC)derived neurons are moving beyond producing neurons for replacement and preclinical in vitro models and branching into new applications enabling addressing fundamental questions about the origins of interneuron diversity and the mechanisms of microcircuit assembly. The importance of interneurons (defined as local circuit neurons) is straightforward: brain and spinal cord function depends on a plethora of interneurons shaping the outputs of many interconnected microcircuits throughout the central nervous system. Unfortunately, the complexity of interneuron microcircuits and their relative inaccessibility has hindered rapid progress. The recent recognition of the high fidelity in which ESC-derived neurons recapitulate normal development of cellular properties and connectivity now offers the possibility of creating simpler in vitro models to wrestle with this complexity. The current study from Hynek Wichterle's group (Hoang et al., 2018) utilizes these approaches with a focus on interneurons of the ventral (motor) spinal cord (Figure 1 ) and is a particularly pertinent case study for simplified models given the variety of spinal interneuron subclasses and the intricacy of their circuits.
Ventral spinal interneurons form the circuits that direct motor output, integrating information from descending brain commands, sensory afferents, and intrinsic spinal cord rhythmogenic circuitries. These information transforms have the final purpose of sculpting firing in select motoneuron ensembles, the ultimate common path out of the CNS controlling muscle actions. This is a challenging task since all possible motor patterns underlying the
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Neuron 100, October 10, 2018 ª 2018 Elsevier Inc. 3 full behavioral repertoire of each species must be encompassed by different combinations of motor pool selection, motor unit recruitment, and firing modulation (all controlled by spinal interneurons). Furthermore, different parts of the body (upper limbs, thorax, lower limbs) require different motor output solutions for single movements. Synchronization with spinal autonomic output, such as increasing blood flow to relevant muscles, is also crucial. Given that all of these computations occur automatically in the spinal cord, it is not surprising that it contains a large diversity of interneurons, but the mechanisms underlying spinal interneuron ontogenetic and phylogenetic diversification and their assembly into microcircuits remain unclear.
All spinal interneurons derive from a few progenitor domains in the early neural tube, giving rise to 12 cardinal types of interneurons (8 dorsal: early dI1-dI6, late dILA, and dILB; and 4 ventral: V0-V3), each defined by expression of early transcription factors (TFs) and often sharing common neurotransmitter(s), spinal cord settling positions, and axonal projections (Goulding, 2009 ) but with significant heterogeneity within each class. Bayesian analyses of interneuron categories from a single cardinal class (V1) resulted in over 50 groups based on position and combinatorial expression of 19 TFs (Bikoff et al., 2016) . The study by Hoang and colleagues interrogates this diversity by deriving different types of V1s from ESCs. This study comes on the heels of another study that successfully constructed microcircuits using ESC-derived V1 (inhibitory), V2a, and V3 (excitatory) interneurons (Sternfeld et al., 2017) . Together they constitute impressive proof of principle of how ESC-derived neurons can be used to understand spinal interneuron diversity and their contributions to emerging patterns of activity in defined sub-networks.
These studies use knowledge about in situ gradients of inductive molecules, including retinoic acid (RA) and sonic hedgehog (Shh), to develop protocols that generate different types of spinal neurons (Figure 1) . Hoang et al. (2018) used a protocol that differentiated ESCs into mostly p1 progenitors and neurons with transcription profiles typical of V1s. V1s are premotor inhibitory interneurons and include many different genetic subtypes stemming hierarchically from four principal clades, each respectively defined by the TFs MafA, Foxp2, Pou6f2, and Sp8 (Bikoff et al., 2016) . Notably, two functionally defined interneurons, Renshaw cells and reciprocal Ia inhibitory interneurons (IaINs)-which, respectively, control motoneuron activity by recurrent or reciprocal inhibitory circuits-both derive from V1s, and each expresses TFs characteristic of a different clade: Renshaw cells express MafA/B and IaINs express Foxp2 (Benito-Gonzalez and Alvarez, 2012; Bikoff et al., 2016) . Nonetheless, the functions of many V1s are still unknown, and functional correlations to genetic subclasses are not always exact. All Renshaw cells are V1 derived, while IaINs derive from several different interneuron classes (all of which need to be simultaneously blocked to abolish reciprocal inhibition; Zhang et al., 2014) . The present study shows how ESC-derived V1s could be used to further probe their diversification, functions, and connectivity.
To probe function it is first necessary to understand how specific V1 subtypes are generated. One hint was the sequential neurogenesis of MafB-V1/Renshaw cells and Foxp2-V1/IaINs from the p1 domain in vivo (Benito-Gonzalez and Alvarez, 2012) . Remarkably, in the present study, the first V1s generated from ESCs expressed genes characteristic of early-born V1 Renshaw cells, while V1s generated later expressed foxp2 (Figure 1 ). This reinforces the idea of temporal controls fating V1 phenotypes during neurogenesis. Moreover, this fortunate situation allowed examination of V1 specification signals. Long exposure to RA was necessary to direct V1s toward a Renshaw cell phenotype. Exposure to RA is initially necessary for p1 specification, but its removal at day 5 in vitro (when the first V1s become postmitotic) decreased Renshaw cell numbers without affecting p1 progenitors or the V1 population, overall. This gives clues about in vivo V1 diversification; specifically, that early birth might increase the duration and intensity of RA exposure compared to late-born V1s (Figure 1 ). Renshaw cell neurogenesis peaks in the mouse at embryonic day 10 (e10), a time when there are few cells besides motoneurons in the ventral neural tube. This is followed by a lateral migration that places them at the edge of the neural tube where they are exposed to high levels of RA from the paraxial mesoderm. Interestingly, in the absence of RA in the medium, co-culture of V1s with ESC-derived RA-producing motoneurons (consistent with RA expression in limb-innervating motoneurons at this stage) was sufficient for directing Renshaw cell differentiation. This highlights a close relationship between Renshaw cells and motoneurons during development, although the necessity for motoneuron-derived RA in vivo still requires confirmation. Nevertheless, the results indicate that the environment in which spinal interneurons are born is a key influencer of their differentiation and raises questions about the balance between environment and early cell-cycle exit predetermining Renshaw phenotypes. Notch activity promotes cell cycling while decreasing the probability of daughter cells becoming postmitotic. Inhibition of notch using several methods all resulted in overproduction of Renshaw cells at the expense of V1 Foxp2 cells. Furthermore, RNA sequencing profiling indicated that notch inhibition upregulated TFs associated with early-born V1 clades and downregulated those of lateborn V1s. A logical corollary is that the timing of cell-cycle exit predetermines certain V1 phenotypes. A second implication is that early-versus late-born V1 phenotypes are not the result of diverse p1 pools with distinct neurogenesis phases. On the contrary, accelerating cell-cycle exit from all p1 progenitors induces generation of only early-born V1 phenotypes. These conclusions might be broadly applicable to other spinal neuronal populations also sequentially generated from single progenitor domains, and they highlight notch signaling as a master regulator of spinal neuron diversity. The results might also inform phylogenetic relations during the evolution of spinal cord motor circuits. The spinal cord of zebrafish contains a relatively homogeneous group of V1 interneurons (Higashijima et al., 2004) that contrasts with the heterogeneity found in mice. It is thus conceivable that one evolutionary mechanism to increase interneuron diversity along the vertebrate phylogeny might be adjusting neurogenesis time windows. Renshaw cells, that up to now have been defined only in mam-mals, and to a lesser extent the chick lumbar regions, could be the result of tweaking notch signals such that a subgroup of V1s exits the cell-cycle very early. How these evolutionary steps become adaptive to the needs of mammalian motor systems and to biomechanical models in different species are open questions.
One issue requiring further study is that not all V1 clades were generated with similar efficiency. While Renshaw cells and Foxp2 V1s follow remarkably in vivolike developmental steps in the differentiation protocol utilized by the authors, V1 clades defined by expression of Pou6f2 and postnatal Sp8 are underrepresented. The fact that production of Renshaw cells is clearly excessive compared to in vivo might argue that the protocol biases early-generated V1s toward Renshaw phenotypes and that additional factors are necessary for replicating V1 diversity. Regardless, the results show that distinct subclasses of V1s can be generated in vitro and expose the first method to derive a functional class of spinal interneuron in vitro.
Renshaw cells were first discovered in the 1940s because of their tight synaptic coupling with motoneurons (Renshaw, 1946) ; they receive strong synaptic input from motor axons and inhibit the same motoneurons. As such, they form a key circuit that modulates motoneuron excitability and firing that has been implicated in amyotrophic lateral sclerosis pathogenesis in one mouse model (Wootz et al., 2013) . ESC-derived Renshaw cells now provide a tool to test their efficacy in maintaining motoneuron firing within physiological ranges and potential neuroprotection. But do in vitro Renshaw cells display functional properties similar to their spinal cord counterparts? To answer this question, the authors isolated ESC-derived V1s and cocultured them with ESC-derived motoneurons, demonstrating a preference for Renshaw cells being pre-and postsynaptic to motoneurons. Importantly, 86% of genetically defined Renshaw cells in the dish exhibited monosynaptic responses after optogenetic activation of motoneurons (Figure 1) , compared to only 22% in other V1 populations. One explanation for this preferential targeting of Renshaw cells by motor axons was based on their early migration and placement at the ventral root exit, a region containing motor axons
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Neuron 100, October 10, 2018 5 in high density (Benito-Gonzalez and Alvarez, 2012) . The results in the dish, however, lack these spatial relations and suggest that cellular identity favors Renshaw cells as motor axon targets opening new opportunities to investigate mechanisms involved in the formation of recurrent Renshaw-motoneuron microcircuits.
A final result reflects on the potential use of ESC-derived spinal interneurons for replacement. EGFP-expressing ESCderived V1s and tdTomato-expressing ESC-derived Ptf1a inhibitory interneurons, related to the dI4 domain, were transplanted into chick spinal cords (HH stage 16) and analyzed a few days later (HH stage 30). Ptf1a interneurons migrated to the dorsal horn and V1 interneurons ventrally. Moreover, within the V1 population, Renshaw cells migrated more ventrally and Foxp2 V1s settled more medio-dorsally, resembling their locations in vivo in the mouse. The results are noteworthy for several reasons. The first is straightforward: ESC-derived spinal interneurons retain their capacity to find their in vivo location. The second is more subtle: chick ''Renshaw cells'' were named R-interneurons because they differ in a number of properties to mammalian Renshaw cells, including a more dorsal placement (Wenner and O'Donovan, 1999) . Intriguingly, mouse ESC-derived Renshaw cells migrated toward their typical mouse location, but in the chick spinal cord. Does this imply differences among interneurons mediating recurrent inhibition in avian versus mammalian species? To what extent do transplanted mouse interneurons replicate specific premotor connectivity in the chick spinal cord? Finally, can introduction of specific interneurons defined by genetics and development replace or add particular functions in spinal cord motor circuits? Combining analyses of ESC-derived and in vivo interneurons will no doubt improve our understanding of these and further questions in the future.
